A cell-free system has been used to synthesize respiratory syncytial virus (RSV) RNA in vitro. Polyadenylated species representing all size classes of RSV mRNAs were labelled. Some of the labelled RNA was seen in a CsC1 gradient at the density characteristic of negative-strand viral nucleocapsids. Experiments using a thiotriphosphorylated nucleotide indicate that RNA chains are initiated de novo in the cell-free system.
Respiratory syncytial virus (RSV), a paramyxovirus, is probably the leading cause of lower respiratory disease in young children. The application of molecular biological and recombinant DNA techniques to the study of RSV has recently begun to reveal many complex and novel features of this important human pathogen (Collins & Wertz, 1983 Collins et al., 1984a Collins et al., , 1984b Collins et al., , 1986 Collins et al., , 1987 Dickens et al., 1984; Elango et al., 1985; Huang & Wertz, 1982 Venkatesan et al., 1983) .
The RSV genome is a single-stranded negative-sense RNA chain of approximately 15000 nucleotides contained within a helical nucleocapsid (Huang & Wertz, 1982 Lambert et al., 1980) . It is now generally accepted that the RSV genome encodes 10 separate polyadenylated mRNAs and 10 proteins (Collins & Wertz, 1983; Collins et al., 1984b; Huang & Wertz, 1983) . The arrangement of these genes is unique among negative-strand viruses because cistrons for two small non-structural proteins of unknown function are proximal to the 3' end, and are upstream of the gene encoding the nucleocapsid protein (Collins & Wertz, 1983; Dickens et al., 1984) . In addition, recently published data suggest that the initiation site for message 7, presumably encoding the large (L) subunit of the viral transcriptase, actually lies within the adjacent upstream cistron (Collins et al., 1987) . Mbuy & Rochovansky (1984) attempted to study RSV transcription in vitro using purified 'aged' virions in a system analogous to the one originally developed for vesicular stomatitis virus (VSV), the prototype negative-strand virus (Banerjee, 1987) . However, no one has pursued those observations.
To begin studying RSV gene expression, I have set up a cell-free system for in vitro viral RNA synthesis derived from extracts of lysolecithin-treated infected monolayer ceils. This approach has previously been shown to work for other negative-strand viruses including VSV (Peluso & Moyer, 1983) and Sendai virus (Baker & Moyer, 1988; Carlsen et al., 1985) . The results presented here indicate that these extracts can initiate in vitro RSV RNA synthesis de novo, and appear to synthesize all classes of virus-specific transcripts.
Monolayers of HeLa (Ohio) cells were infected with RSV as outlined in the legend to Fig. 1 . Extracts of lysolecithin-treated ceils were prepared at 12 h p.i. because preliminary in vivo experiments indicated that maximal virus-specific RNA synthesis occurred between approx. 10 and 14 h p.i. under these conditions (data not shown). Viral RNA was labelled in vitro with [~-32p]UTP for 2 h at 30 °C. For comparison, viral RNA was also labelled in vivo with 32p i for 2 h in identical monolayers beginning 12 h p.i. at 37 °C. Labelling in vitro and in vivo was done in the presence of actinomycin D (2 p.g/ml) to prevent incorporation into non-viral species. The 0000-8569 © 1989 SGM The inoculum was removed after 1 h and fresh medium was added; incubation was continued until 12 h p.i. For intracellular labelling with 32Pi, the ceils were infected in medium lacking inorganic phosphate, but supplemented as above with amino acids and dialysed serum. Actinomycin D (2 ~tg/ml) was added 30 min before intracellular labelling with 32p i (100 ~tCi/ml) between 12 to 14 h p.i. For cell-free transcription, lysolecithin treatment of infected monolayers was performed essentially as described previously (Carlsen et al., 1985; Peluso & Moyer, 1983) . The reaction mixtures contained 0-1 M-HEPES, (pH adjusted with KOH as indicated in text), 7 mM-KC1, 4.5 mM-magnesium acetate, 0'1 mM-Sadenosylmethionine, 1 mM-DTT, 2 mM-ATP, 1 mM-GTP and -CTP, 10 gM-UTP, 2 ~tg/ml actinomycin D, 40 units/ml creatine kinase, 50 mM-creatine phosphate, 0.5 units/~tl RNasin, 1 mM-spermidine, 1 ~tg/ml aprotinin, and N H4CI (as indicated in the text). [~.32P]UT P (100 to 150 ~tCi) was the radioactive precursor. Extracts prepared from one or two dishes were layered onto 5 ~ sucrose over preformed 20 to 40% CsC1 gradients and centrifuged at 38000 r.p.m, for 18 h in the SW41 rotor (Leppert et at., 1979) . Fractions were collected from the top (at left) and portions (usually 50 ~tl) were precipitated with acid. In equal proportions of the resuspended pellets from RNA labelled in vivo (a) or in vitro (b) the acidprecipitable material yielded 12392 and 11319 c.p.m., respectively. Densities were determined by weighing 10 ~tl portions of the indicated fractions (O).
Long and A2 isolates of RSV were used in these experiments with essentially equivalent results. CsC1 gradients are used to separate the negative-strand viral messenger RNAs from the encapsidated genome and replicative intermediate (Leppert et al., 1979) . Under these conditions, the viral mRNAs pellet to the bottom of the gradient whereas the nucleocapsid RNAs band at a density of approximately 1.3 g/ml. Fig. 1 shows the CsCI gradient profiles obtained with RSV RNA labelled in vivo and in vitro. Both gradients contained a peak of acid-precipitable material with the density characteristic of viral nucleocapsids. The peak of in vitro labelled material was somewhat broad in this experiment, but the two peaks were equally as sharp in other experiments (data not shown). Both gradients also contained a large pellet of labelled material presumably containing the viral mRNAs (see below). The nature of the low density material at the top of the gradient in Fig. 1 (b) has not been examined, but a similar peak was also present at the top of the gradient when a mock-infected lysate was labelled in vitro. The mock-infected lysate did not, however, contain any labelled material banding at approx. 1-3 g/ml (data not shown). These results suggested that the cell-free system could transcribe and replicate the RSV genome in vitro.
The optimal salt concentration and pH for cell-free viral RNA synthesis were determined using CsC1 gradient profiles as an assay. Incorporation of radioactivity into nucleocapsid RNA remained essentially constant over the range of 0.10 to 0.20 M-NH4C1. However, incorporation into the viral messenger RNAs increased by approximately 50 ~ when the NH4C1 concentration was increased from 0.10 to 0.15 M; incorporation into the mRNAs decreased at higher NH4C1 concentrations.
Varying the pH of the reaction mixture between 7.5 and 8.5 had little effect on incorporation into viral mRNA, but increasing the pH over this range increased incorporation into the material banding at 1.3 g/ml by approximately twofold. On the basis of these observations, the standard conditions adopted for cell-free RSV RNA synthesis were 0.15 M-NH~CI at pH 8.5.
The 32p-labelled product RNA was recovered from the CsC1 gradient pellets and chromatographed through oligo(dT)-cellulose to select the polyadenylated species. Poly(A) ÷ RNA was electrophoresed in a 1-5 ~ agarose gel containing 6 M-urea at pH 3.0 (Herman & Lazzarini, 1981a; Lehrach et al., 1977) . Fig. 2 shows the autoradiograms of two agarose-urea gels. The bands have been numbered according to the nomenclature used by Collins et al. (1984 b) . The overall profiles of the in vivo and in vitro RNAs were quite similar. Poly(A) ÷ species corresponding to every size class of intracellular message were present among the RNAs labelled in vitro (Fig. 2a) .
RNA 7 presumably encodes the L subunit of the RSV RNA polymerase (Collins et al., 1984b; Huang & Wertz, 1983) . The mRNA for the L protein is usually the least abundant negativestrand viral transcript. Although a band was visible in both lanes of the autoradiogram shown in Fig. 2 (a) it did not show up well in the photograph. A longer exposure of another gel clearly showed that this mRNA was labelled both in vivo and in vitro (Fig. 2b) .
A number of differences between the profiles of the in vivo and in vitro poly(A) ÷ RNAs are evident in Fig. 2 . The group 1 cell-free transcripts (mRNAs la, lb and lc) appeared to be somewhat larger than the corresponding intracellular mRNAs. This may have been due to differences between the size of the poly(A) tails synthesized in vitro and in vivo. Studies of RNA synthesis by other negative-strand viruses indicate that a number of factors can affect the size of the poly(A) tails synthesized in vitro (Rose et al., 1977; Weiss & Bratt, 1974) . Such differences are likely to be most evident for the group 1 transcripts because they are the smallest of the RSV messages, and the poly(A) tails contribute significantly to their total chain length.
As shown in Fig. 2 , the group 1 transcripts were the most abundant in vitro products. That observation is suggestive of transcription attenuation in vitro. The RSV genes 1C and 1B, respectively, are the closest to the 3' end of the genome (Collins & Wertz, 1983; Collins et al., 1986; Dickens et al., 1984) and they should be transcribed more frequently than the distal genes if attenuation occurs. Attenuation is a characteristic of negative-strand viral transcription (Iverson & Rose, 1981) , and Collins et al. (1987) have located at least one RSV attenuation site in the polyadenylation signal of the gene encoding the 22K protein.
The group 1 transcripts were also relatively more abundant in vitro than in vivo (Fig. 2) . This difference may reflect increased attenuation in the in vitro system, or perhaps a high rate of intracellular turnover of the group 1 mRNAs.
Band 6 is a readthrough product containing the sequences of mRNAs 5 and 3b which encode the fusion (F) glycoprotein and 22K protein, respectively (Collins & Wertz, 1985 ; Collins et al., 1984b; Venkatesan et al., 1983) . This transcript also seemed to be synthesized in higher amounts in these cell-free lysates than in the infected cells (Fig. 2) .
A major question to be addressed was whether the cell-free system actually initiated chains de novo or simply elongated chains previously initiated in vivo. Previous studies of negative-strand virus transcription have used a nucleoside-5'-O-(3-thiotriphosphate) to label transcripts that are newly initiated in vitro. These chains are selectively bound to mercury-Sepharose because they alone have a sulphur atom at the 5' end (Carroll & Wagner, 1979; Herman & Lazzarini, 1981 b) .
Extracts of RSV-infected cells were incubated with labelled precursor in the presence of either GTP or guanosine-5<O-(3-thiotriphosphate) (7-S-GTP). v-S-GTP was chosen as the affinity reagent because sequencing data indicate that the RSV cistrons have a cytosine residue at the 3' end, and thus the mRNAs should initiate with a guanosine (Collins et al., 1984a (Collins et al., , 1986 (Collins et al., , 1987 Elango et al., 1985) . This contrasts with uridine at that position in the cistrons of other negativestrand viruses including Sendai virus (Gupta & Kingsbury, 1984) and VSV (Rose, 1980) .
As shown in Fig. 3 , approximately 5 ~ of the radioactivity incorporated into RSV RNA in the presence of v-S-GTP bound to a mercury-Sepharose column and was eluted with dithiothreitol (DTT). In a similar experiment with VSV RNA, 5 to 6~ of the products synthesized in vitro in the presence of v-S-ATP were bound to this column (Herman & Lazzarini, 1981 b) .
About 1 ~ of the RSV RNA made in the presence of GTP was slowly released from the mercury-Sepharose after the addition of DTT and may have only been non-specifically trapped Fig. 2 . Autoradiograms of agarose-urea gels. 32p-labelled RNA was recovered from the pellet of CsC1 gradients and extracted with phenol-chloroform. Poly(A) ÷ species were selected and electrophoresed in a 1.5% agarose gel containing 6 M-urea at pH 3.0 (Herman & Lazzarini, 1981a; Lehrach et al., 1977) . Autoradiography of the wet gels was directly against Kodak X-OMAT AR film at -70 °C with an intensifying screen. Lanes 1, poly(A) + RNA labelled in vivo ; lanes 2, poly(A) + RNA labelled in vitro. The autoradiogram at the right has been deliberately overexposed to enhance the band 7 RNA species. The bands are identified at the left of each autoradiogram. Band 1 a contains the 1 a mRNA; band 1 b contains the lb mRNA; band lc contains the lc mRNA; band 2a contains the P mRNA; band 2b contains the G mRNA; band 3a contains the M mRNA; band 3b contains the 22K mRNA; band 4 contains the N mRNA; band 5 contains the F mRNA; band 6 contains the F-22K readthrough RNA; band 7 presumably contains the L mRNA (Collins et al., 1984) . O, Origin of migration. by the matrix (Fig. 3) . [A small amount of unlabeUed VSV RNA is also non-specifically retained by this column (Herman & Lazzarini, 1981 b) .] These results indicated that at least 4~ of the total radioactivity was incorporated into RNA chains that were initiated de novo in the cell-free system.
The RNA contained in the column fractions was electrophoresed in a 12~ polyacrylamide gel containing 8 M-urea (Peacock & Dingman, 1967) . The profiles of unbound material labelled in the absence or presence of 7-S-GTP were virtually identical (Fig. 4, lanes 1 and 2) . This suggested that v-S-GTP had little or no effect on the type of products synthesized.
The bound v-S-RNA fraction contained a small transcript of about 60 to 70 nucleotides that was not present in the unbound fraction (Fig. 4, lane 3) . The retained RNA from the reaction containing GTP did not contain any discrete low Mr species (Fig. 4, lane 4) .
The results presented here demonstrate that extracts prepared by lysolecithin treatment of infected monolayers support the cell-free synthesis of RSV-specific RNA. Analysis of the poly(A) ÷ products indicated that all size classes of RSV mRNAs were synthesized. In comparison to Sendai virus (Carlsen et al., 1985) , RSV synthesis was less efficient in the cell-free system. This may reflect the relatively poor growth of RSV in tissue culture, the consequently lower m.o.i, used in these experiments, or perhaps an increased complexity of the RSV transcription apparatus. The latter possibility is suggested by the larger number of products, including several non-structural proteins, encoded by RSV.
The profiles of the CsCI gradients suggested that some of the RNA labelled in vitro was assembled into nucleocapsids by the cell-free extract. This implies that replication of the viral genome also occurs in vitro as was previously demonstrated for VSV (Peluso & Moyer, 1983) and Sendai virus (Baker & Moyer, 1988; Carlsen et al., 1985) . Confirmation of this conclusion will require additional experimentation because I was unable to isolate reproducibly genome-length RNA from banded nucleocapsids that were labelled either in vivo or in vitro.
The RSV nucleocapsids may simply be unstable or RNase-sensitive under the conditions used here. Consistent with this suggestion is the presence of a small amount of high Mr poly(A)-RNA in the CsCI gradient pellets from extracts labelled in vivo and in vitro. The mobility of this band suggests that it could contain genome-length RNA (data not shown). Additional steps may therefore be necessary to improve the stability of the RSV nucleocapsids during isolation and characterization.
The incorporation ofv-S-GTP indicated that the cell-free system initiated at least 4~ of the RNA chains de novo in vitro under these conditions. This was a minimum estimate of initiation in vitro because the 7-thiophosphate would have been removed from any chains that were subsequently (Fig. 3) were pooled and precipitated with ethanol. The RNA was electrophoresed in a 12~ polyacrylamide gel containing 8 M-urea at 400 V overnight (Peacock & Dingman, 1967) . Lane 1, unbound RNA labelled in the presence of GTP; approx. 1~ of the fraction was electrophoresed. Lane 2 unbound RNA labelled in the presence of y-S-GTP; approx. 2 ~ was run. Lane 3, bound RNA, y-S-GTP; approx. 50~o was run. Lane 4 bound RNA, GTP; 100~o was run. O, Origin; d, location of the xylene cyanol tracking dye which migrates with an apparent size of approx. 40 nucleotides in this gel system; arrow, position of the band in lane 3. The right half of the autoradiogram has been overexposed relative to the left.
capped at their 5' end. It was unlikely that the RNAs were only adventitiously labelled with the y-thio group because previous reports indicate that there is little or no evidence for thiophosphate exchange (Smith et al., 1978) . One small transcript was uniquely present only in the fraction which bound to the mercurySepharose column. It remains to be determined whether this RNA is the transcript of a 3'-proximal leader gene. Indeed, the existence of an RSV leader gene has yet to be demonstrated. Nevertheless, the system described here for cell-free transcription should now be useful to address this and many other interesting questions about the regulation of RSV gene expression.
